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Abstract. This study concerns the experimental characterization of thermomechanical behaviour of the “TRC5Mat/epoxy
adhesive/TRC5Mat” joint (without or with fire protection materials). The TRC5Mat composite is manufactured with a sulfo-
aluminate cementitious matrix and five layers of alkali resistant (AR) - MAT glass textile. The thermomechanical tests are
performed on “TRC5Mat/ adhesive/TRC5Mat” joints according to two thermomechanical loading paths: maximum
mechanical strength holding at a target and constant temperature level (loading path 1); maximum temperature holding at a
target and constant force level (loading path 2). These tests allow identifying the behaviour of the studied joint. In addition,
the thermomechanical tests have been also carried out on the “TRC/epoxy adhesive/TRC” joint, protected by two thermal
insulation materials (or fire protection ones). These tests have allowed evaluating the real thermal efficiency of the TRC5Mat
composite and of the thermal insulation materials. The failure modes of the TRC5Mat-dl joints (without and with fire
protection materials) are presented and discussed.

Résumé. Cette étude concerne la caractérisation expérimentale du comportement thermomécanique du joint “TRC5Mat/
adhésif époxy/TRC5Mat™ (sans ou avec matériau de protection au feu). Le composite TRC5Mat est fait avec une matrice
cimentaire sulfo-alumineuse et 5 couches de textile en verre MAT-akali résistant (AR). Les essais thermomécaniques sont
réalisés sur les joints “TRC5Mat/ adhésif TRC5Mat” selon deux sollicitations: tenue mécanique maximale a une température
cible et constante (sollicitation 1) et tenue maximale en température a un niveau de force cible et constante (sollicitation 2).
Ces essais permettent d’identifier le comportement du joint étudié. En plus, les essais thermomécaniques ont été réalisés sur
le joint “TRC5Mat/ adhésif/TRC5Mat”, protégé par deux matériaux isolants. Ces essais ont permis d’évaluer I’efficacité
thermique réelle du composite TRC5Mat et les matériaux isolants thermiques. Les modes de rupture des joints TRC5Mat-dl
(sans et avec les matériaux de protection au feu) sont présentées et discutées.

KEY WORDS: textile reinforced concrete/adhesive interface, textile reinforced concrete (mortar), high temperature effect,
thermomechanical test, insulation material

MOTS-CLES: interface mortier renforcé par des textiles/adhésif, Béton (ou mortier) renforcé par des textiles (TRC), effet de la
haute température, essai thermomécanique, matériau isolant

1. Introduction

Textile reinforced mortar (or textile reinforced concrete, TRC) can be used to repair and/or strengthen structural
elements of construction works (building, bridge,...) [COL 2015, CON2014, HEG 2008]. It can be also used as
constituent elements of the new construction works or for the prefabrication of structural elements [BUTL 2010].
This study deals with the repair and/or strengthening system by gluing of prefabricated TRC plate on structure.
When a construction work reinforced with TRC is subjected to fire (accidental or technological risk), their
structures are simultaneously submitted by high temperatures (potentially up to 1200°C) and mechanical
loadings [CHEN 2009]. The textile reinforced mortar (TRC) and the “TRC/epoxy adhesive/TRC” interface are
important components in a system of reinforcement and/or reparation of civil engineering works: principal
structure/ epoxy adhesive/TRC composite. In this system, the “materials/ epoxy adhesive” interface is most
sensitive to temperature. In the literature, the behaviour of the interface “concrete/epoxy adhesive/polymer
reinforced by carbon fiber (CFRP)” (glued to the outside) has been studied for temperature levels varying from
-40°C to 120°C [FER 2012, LEO 2009, KLA 2008, CAM 2007, GAM 2006]. However, the high temperature
influence on the interface “concrete/epoxy adhesive/TRC” is not much studied. Because of the limited size of the
experimental device, this study is investigated for the thermomechanical behaviour of the TRC/adhesive
interface. The thermomechanical tests at high temperature on the TRC material or the TRC/adhesive interface
are still rare in the literature. This study concerns the experimental characterization of thermomechanical
behaviour of the “TRC/epoxy adhesive/TRC” joint (without or with fire protection). In the following, this paper
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presents an experimental procedure. It then describes and discusses the results of tests carried out on the studied
specimens. Failure modes of the studied samples are also presented. The main conclusions end this paper.

2. Experimental procedure

2.1. Experimental device

A thermomechanical machine, usually called the TM20kN-1200C machine, used for this study [VU 2013]. This
machine has a loading sensor of 20 KN, a furnace that can provide a high temperature, potentially up to 1200°C.
Figure 1a shows the furnace 1200C and the configuration of a high-temperature tensile test on a specimen
TRC5Mat-dl protected by a thermal insulator. This machine is automatic and servo-controllable and can
simultaneously generate the mechanical and thermal loadings. The maximum velocity of temperature rise in the
oven is 30°C/ minute. Three thermocouples are then installed on the specimen at equal distances in the middle of
the furnace in order to measure the temperature around the specimen (Figure 1b). The tests and validation of the
measurement of the specimen, obtained by the laser sensor, are previously described [VU 2013].

2.1. Tested specimens

In this research, only the thermomechanical behaviour of the "TRC/adhesive" interface is studied because of the
limited size of the used furnace (effective height of 30cm; effective diameter of 8cm, Figure 1a). In the
following, the main components, the dimension of the tested specimen are respectively presented.

Textile-reinforced concrete

One textile-reinforced composite (called TRC5Mat) is manufactured with a sulfo-aluminate cementitious matrix
and five layers of alkali resistant (AR) - MAT glass textile. The used sulfo-aluminate cementitious matrix is
made with an ettringite binder, a granular skeleton (with a grain size below 30 um), water and adjuvant agents
(the tensile bending strength of this matrix at 28 days of age is 8.5 MPa, its compressive strength at 28 days of
age is 35 MPa, and its other properties are presented in [MIC 2013, MIC 2012]. The reinforcement ratio of the
textile for the TRC composite is 2.5% (V; = fibre volume/ TRC volume = 2.5%). The used alkali resistant (AR) -
MAT glass textile has an open geometry to allow easy penetration of the cement mortar. Table 1 Table 2
respectively present the physical and mechanical properties of a single fibre of the alkali-resistant glass, the
alkali-resistant (AR)-MAT glass textile (commercially named "Cem-M601 MAT®"). The choices of the textiles
are justified by a very good ability to bridge cracks, including at an early stage of mechanical stress of the MAT
textile [NGUYEN 2015]. The sulfo-aluminate cementitious matrix and the reinforcement textiles are cast in a
mold to obtain a rectangular plate of TRC5Mat (having the dimension 800mm x 500mm x 10mm). After 7 days,
the rectangular plates were cut, resulting in specimens of 700 mm x 45 mm x 10 mm.

Tensile Elastic modulus | Strain at rupture | Softening Poisson Thermal expansion Density
resistance (MPa) (GPa) (%) point (°C) coefficient coefficient (kg/dm®)
1000+1700 74+76 1.8 860 0,25 7.9.10° 2.6

Table 1: Physical and mechanical properties of a single fibre of the alkali-resistant glass

Fibre diameter Nominal weight Density Length of cut yarn
14 um 120 g/m? 2.68 g/cm® ~ 75 mm

Table 2: Physical and mechanical properties of the alkali-resistant (AR)-MAT glass textile

Epoxy adhesive

The Etancol 492 glue, an epoxy resin type, is chosen to make the ‘‘TRC5Mat/adhesive’” interface because it is
commonly used in reality in order to bond composite to repair and/or strengthen the structures. The Etancol 492
glue is a structural adhesive based on epoxy resin (without solvent, with two components of cycloaliphatic
hardeners). It adheres the requirements of EN 1504-4 standard as a structural bonding product for reinforcements
by external bonding. Its mechanical characteristics at ambient temperature, given by the manufacturer of this
glue (SPPM society), are shown in Table 3.

TRC5Mat-dl specimen (without fire protection)

The configuration of all of the TRC5Mat-dl specimens tested at high temperature in this study is presented in
Figure 1a [NGUYEN 2015]. At the same moment with the bonding of TRC5Mat plates, four aluminum plates,
with the dimensions of 3mm x 45mm x 70 mm, are glued on both ends of each TRC5Mat-dl specimen. The
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TRC5Mat-dI specimens are then stored in the laboratory at least 7 days before the tensile/shear test so that the
adhesive at the interface of these specimens reaches their resistance stability. The TRC5Mat-dl specimens are
drilled at each end to be compatible with the used “ball joint” loading heads (Figure 1).

TRC5Mat-dl specimen (protected with fire protection material)

Two thermal insulators are used to protect the TRCS5Mat-dl specimen. The first insulator, called
PROMASPRAY®T, is a commercial product of the PROMAT company. It is a sprayed coating for the thermal
insulation of surfaces that are not exposed to the inclemency of weather. This insulator is a dry material that
consists of slag wool, hydraulic and semi-synthetic binders and various adjuvants. It is in the form of flakes. The
second insulator, called the insulator A, was developed in the laboratory LGCIE [MIC 2013, MIC 2012]. Table 5
presents the list of the tests carried out on TRC5Mat-dl specimens (protected by the ‘“‘PROMASPRAY®T’’ or
insulator A). In order to observe the evolution of the temperature at the TRC5Mat/adhesive interface, the isolated
specimen "TRC5Mat-dlI-Insulator A-1.5cm-50%-2" is equipped with a thermocouple at this interface.

_ _ Temperature of Implementation Volumic Ultlmate Elongation at | Ultime Ultlme_

Designation vitreous mass tensile rupture shear | compressive
- temperature
transition, Ty stress stress stress
0,
Characteristic 54°C+2°C | +5°C/+35°C 15+ 0.303 295+1 | 065+0,10% | >15 | 83+1,6 MPa
g/cm MPa MPa

Standard 1SO 11357-2 1SO 527 1SO 527 I1ISO 604

Table 3 : Some properties of the Etancol 492 glue
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Figure 1. (a) Furnace 1200°C and specimen TRC5Mat-dl protected by a thermal insulator; (b) TRC5Mat-dI

specimen image (without fire protection material); (c) Lateral side of the TRC5Mat-dI specimen.

2.2. Loading paths of thermomechanical tests

The regimes 1 and 2 are used for this study (Figure 2). In the regime 1 (Figure 2a), the temperature rises to
desired one. Once the furnace temperature reaches the target value, it is then kept constant for one desired
exposure duration. The force, applied to the specimen, increases until the maximum one that the specimen can be
resisted. In the regime 2 (Figure 2b), the axial force, applied to the specimen, increases to desired value. The
axial force increase is controlled by the traverse displacement with a displacement rate of 300um/ minute. The
desired axial force value (or the desired axial stress one) is maintained for the remainder of the test. The
temperature rises to the maximum one (Ty,,) that the specimen can be resisted. At the end of the second phase of
the test, there is a sudden drop in axial force that the specimen can support. The list of the tests carried on
TRC5Mat-dl specimens according to the regimes 1 and 2 is presented on (Table 4). The test results of these tests
are shown in the part 3.
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Figure 2 : Used loading paths : (a) regime 1: maximum mechanical strength holding at a constant temperature;

time

(b) regime 2: maximum temperature holding at a target and constant stress.

Regime 1 Regime 2
Exposure
Specimen Target duration at Numb Specimen Gtarget/Omax | Gparger (MPa) Number
temperature er of target
reference . target reference (%) of tests
(°C) tests
temperature
TRC5Mat-dI- TRC5Mat-dI- 5.24
T20-r1 (1,2) (*) 20 - 2 | 1201112) (%) | 1% 2
TRC5Mat-dI- . TRC5Mat-dI- 3.93
T100 (1) 100 30 minutes 1 10,3 (1.2) 30 2
TRC5Mat-dI- . TRC5Mat-dI- 2.62
7200 (1,2) 200 30 minutes 1 10,5 (1.2) 50 3
TRC5Mat-dI- . TRC5Mat-dI- 75 1.57
T300 300 30 minutes 1 10,75 (1,2,3) 3
TRC5Mat-dI- .
T400 400 30 minutes 1

Table 4 : List of the tests carried on TRC5Mat-dl specimens (without fire protection); (*) Two TRC5Mat-dI-

T20-r1 (1,2) specimens : tested at 20°C and exploited as the tests conducted according to the regimes 1 and 2.

TRC5Mat-dl specimen (with fire Thermal 6/Gmax Thickness of the Number
protection) insulator (%) thermal insulator (cm) of tests
TRC5Mat-dI-SprayT-1.5cm-50%-1 15cm
TRC5Mat-dI-SprayT-1.5cm-50%-2 SprayT 50% 15cm 2
TRC5Mat-dI-Thermal insulator A-1.5cm- 1,5cm
50%-1 Thermal 50% 2
TRC5Mat-dI-Thermal insulator A-1.5cm- insulator A 1,5cm

50%-2

Table 5 : List of the tests carried out on isolated TRC5Mat-dl specimens according to the regime 2.

3. Test results

3.1. Behaviour of TRC5Mat-dl specimens

Figure 3a,b show the results of tests carried out according to the regime 1 on TRC5Mat-dl specimens. The
observations after the tests show that the rupture of TRC5Mat-dl specimens happens to one of the two inferior
TRC5Mat plates. This indicates that during the tests at various target temperature levels on the TRC5Mat-dl
specimen, the maximum tensile strength of the TRC5Mat composite reaches before that the shear stress at the
“TRC5Mat/ adhesive” interface reaches its maximum value. Results of these tests are presented in Figure 3a in
terms of the ultimate stress at rupture of the TRC5Mat inferior plate as a function of the temperature. Figure 3b
presents the results of these tests in terms of the mean shear stress of the TRC5Mat-dl specimen as a function of
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target temperature levels. This figure shows that the mean shear stress of the “TRC5Mat/adhesive™ interface at
20°C (0,525 MPa) is much less than the ultimate shear stress of the epoxy adhesive (>15MPa, see the Table 3). It
is also observed on the Figure 3 that the <“TRC5Mat/adhesive/ TRC5Mat’’ interface is able to resist up to 400°C.
Moreover, one can observe on the Figure 5a that the Etalcol492 epoxy adhesive becomes softening when the
target temperature level is higher than 103°C. The results of the tests carried out on the TRC5Mat-dl specimen
(Figure 3a,b) highlight that the two superior TRC5Mat plates, installed in the middle of the TRC5Mat-dlI
specimen thanks to the Etancol 492 epoxy adhesive (see Figure 1b,c), are good heat shields for the two
“TRC5Mat/adhesive” symmetrical interfaces of the TRC5Mat-dl specimen. Both the TRC5Mat superior plates
(total thickness of about 16 mm) allowed so slowing down the degradation of the epoxy adhesive characteristics
under high temperature effect. Figure 4a shows results of the tests carried out, with the regime 2, on the
TRC5Mat-dl specimens in terms of the obtained maximum temperature as a function of the (Garge/Omax) ratio
value. This ratio can represent different service states that concerns mechanical stress of the studied TRC5Mat
material. This figure shows that when the ratio (Giage/Omax) is €qual to 0,3, the TRC5Mat-dl specimen can resist
up to 680°C (or during a period of 23 minutes with a rate of temperature rise of 30°C/ minute). This result is
remarkable because the Etancol 492 epoxy adhesive becomes softening when the target temperature levels is
higher than 103°C (Figure 5a). This indicates that the TRC5Mat is able to mechanically and thermally resist.
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Figure 3. Results of tests carried out according to the regime 1 on TRC5Mat-dl specimens: (a) evolution of
ultimate axial stress of the inferior TRC5Mat plate (oma, TRC5Mat) and (b) evolution of mean shear stress

(zmax) within the “TRC5Mat/ E492 adhesive” interface as a function of target temperature levels.

Figure 4a,b show a comparison of results of tests carried out on TRC5Mat-dl specimens according to the
regimes 1 and 2. This figure highlights the relationship between the external temperature around the TRC5Mat-
dl specimen and the axial stress within the TRC5Mat inferior plate at its rupture moment. Note that in the tests
performed according to the regime 1 (Figure 2a), during the second phase of the test (thermal exposure at target
temperature), the samples are maintained at the target temperature for 30 minutes, the temperature state within
the TRC5Mat plates of the TRC5Mat-dl specimen is almost homogeneous [NGUYEN 2015]. Furthermore, in the
tests performed according to the regime 2 (Figure 2b), during the second phase of the test (thermomechanical
loading phase), the external temperature of the TRC5Mat-dl specimen quickly increases with the rate of 30°C/
minute (or 0,5°C/second) up to the maximum external temperature that the specimen can support. With such
quick increase rate of the external temperature around the TRC5Mat-dl specimen, temperature levels are not
uniform within elements of this specimen. In the tests carried out according to the regime 2, temperature levels
of elements of the TRC5Mat-dl specimen near heating sources are more important than those in the middle of
this specimen. The Figure 4 shows that for a same axial tensile stress level within the TRC5Mat inferior plate of
the TRC5Mat-dl specimen, the maximum level of the external temperature around this specimen, reached during
the test according to the regime 2, is significantly greater than that achieved during the test carried out under the
regime 1. These results show that when a TRC5Mat-dl specimen is tested according to the regime 2, the
maximum external temperature with which the specimen can withstand significantly depends on rate of the
external temperature rise and on specimen configuration. The results of tests are carried out on isolated TRC-dI
specimens are summarized in Table 6. These tests show that a thermal insulation with 1,5cm thickness allows
extending of more than 500°C of the temperature at rupture (higher than 1000°C) for the joint carrying a work
ratio of 50%. Furthermore, Figure 5b shows the relationship between the rise of the external temperature of the
joint protected by a thermal insulation and the rise of the internal temperature within the TRC/adhesive interface.
This figure indicates that when the maximum internal temperature within the TRC/epoxy adhesive interface
reaches 230°C, the isolated joint is broken. These results have shown the real thermal efficiency of the TRC
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composite and of the thermal insulation material. They have also highlighted that the TRC is a performance
material in terms of mechanical and thermal resistance.
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Figure 4. (a) Evolution of the maximum external temperature around of the TRC5Mat-dl specimen (regime 2) as
a function of the work ratios of the TRC5Mat inferior plates; (b) Relationship between the external temperature

around the TRC5Mat-dl specimen (regimes 1 and 2) and maximum axial stress of the TRC5Mat inferior plates.
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Figure 5. (a) Evolution of the ultimate axial stress of the Etancol 492 epoxy as a function of target temperature
levels [NGUYEN 2015]; (b) Evolution of the external temperature of the specimen (Text) and the temperature at
the TRC5Mat/adhesive interface (Tint) (for the TRC5Mat-dI-Thermal insulator A-1.5cm-50%-2 specimen).

TRC5Mat-dI specimen (with fire protection) Velocity of temperature | o/om. | Temperature at
rise (°C/minute) (%) rupture (°C)
TRC5Mat-dI-SprayT-1.5cm-50%-1 30 50 >972
TRC5Mat-dI-SprayT-1.5cm-50%-2 28 50 >996
TRC5Mat-dI-Thermal insulator A-1.5cm-50%-1 30 50 >1000
TRC5Mat-dI-Thermal insulator A-1.5cm-50%-2 29 50 >1000

Table 6. Summary of the results of tests carried out on the isolated TRC5Mat-dl specimen

4. Failure modes

Figure 6 shows failure modes of TRC5Mat-dl specimens that are tested according to the regimes 1 and 2. This
figure indicates that for the maximum external temperature around the TRC5Mat-dl specimen ranging from
20°C to 300°C, the failure of the specimen takes place in TRC5Mat inferior plates (mode A). For external
temperature level of 400°C (and after a thermal exposure at this temperature of 30 minutes for the regime 1), the
failure of the specimen occurs at the TRC5Mat/adhesive interface (interfacial failure, mode B). For the external
temperature around the TRCS5Mat-dl specimen ranging from 400°C to 500°C (associated with a rate of
temperature rise of 30°C/ minute for the regime 2), the majority of the specimens exhibit a mixed failure
combining both the mode A (in the TRC5Mat inferior plate) and B (within the TRC5Mat/ adhesive interface).
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For the maximum external temperature around the TRC5Mat-dl specimen higher than 600°C (associated with a
rate of temperature rise of 30°C/ minute for the regime 2), the rupture of the TRC5Mat-dl specimen takes place
at the «TRC5Mat/adhesive» interface (failure mode B). This failure mode is followed with a complete
decomposition of the epoxy adhesive. Figure 6 clearly shows an inverse relationship between the mechanical
loading level (or the work ratio Gragei/omax Of the TRC5Mat) and the rupture temperature of specimen. As
expected, it can be seen that when the specimens are subjected to low mechanical work ratio, they lose their
structural integrity at higher temperatures. This clearly suggests the influence of thermal and mechanical
interactions on the behaviour of the TRC5Mat-dl specimens. The failure modes of TRC5Mat-dl specimen
protected by the PROMASPAY@T insulator and the thermal insulator A are presented in Figure 7. All of the
tested specimens exhibit a rupture at the TRC5Mat/adhesive interface (interfacial failure, mode B) (Figure 7).
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€ 500 I o-i igmmmmm-- . a
5 500 oy
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Figure 6. Failure modes of TRC5Mat-dI specimen tested according to the regimes 1 and 2

PROMASPRAYS®T
Figure 7. Failure modes of TRC5Mat-dl specimen protected by PROMASPAY@T and the insulator A

5. Conclusion

This paper presents an experimental investigation on thermomechanical behaviour at high temperature of the
textile reinforced concrete (TRC)/epoxy adhesive interface (without or with fire protection). The specimen
having two symmetrical TRC5Mat/adhesive interfaces, called TRC5Mat-dl specimen or TRC5Mat-dl joint, is
designed for this study. The TRC5Mat composite is made with a sulfo-aluminate cementitious matrix and five
layers of alkali resistant (AR) - MAT glass textile. An epoxy adhesive (Etancol 492) is used for this study.
Thermomechanical tests have been carried out, according to two thermomechanical loading paths, on TRC5Mat-
dl. The evolution of ultimate axial stress of the TRC5Mat inferior plate and the evolution of mean shear stress
within the “TRCS5Mat/epoxy adhesive” interface as a function of target temperature levels have been
experimentally identified. The relationship between external temperature around the TRC5Mat-dl specimen,
according to the regimes 1 and 2, and maximum axial stress of the TRC5Mat composite inferior plates are also
discussed. The results of these tests show that when a TRC5Mat-dl specimen is tested according to the regime 2,
the maximum external temperature with which the TRC5Mat-dl specimen can withstand significantly depends
on rate of the external temperature rise and on specimen configuration. When the work ratio of the studied TRC
evolves from 1 to 0,3, with increase rate of external temperature of 0,5°C/second, the maximum external
temperature level around the TRC5Mat-dl specimen evolves from 25°C to 680°C. The failure modes of the
TRC5Mat-dl joints, according to two thermomechanical loading paths, are also analyzed. For the external
temperature around the TRC5Mat-dl specimen ranging from 20°C to 300°C, the failure of the specimen takes

7

AJCE - Special Issue Volume 34 - Issue 1 1045



place in TRC5Mat composite inferior plates (failure mode A). For the target temperature level of 400°C (tested
at the regime 1), the failure of the specimen occurs at the TRC5Mat/adhesive interface (interfacial failure, failure
mode B). This study clearly shows an inverse relationship between the mechanical loading level (or work ratio
Gtarget/ Omax OF the TRC5Mat) and the rupture temperature of specimen. It can be seen that when the specimens
are subjected to low mechanical work ratio, they lose their structural integrity at higher temperatures. This
clearly suggests the influence of thermal and mechanical interactions on the behaviour of the TRC5Mat-dl
specimens. In addition, the thermomechanical tests have been also carried out on the “TRC/epoxy
adhesive/TRC” joint, protected by thermal insulation materials (or fire protection ones). These tests show that a
thermal insulation with 1,5 cm thickness allows extending of more than 500°C of the temperature at rupture
(higher than 1000°C) for the joint carrying a work ratio of 50%. The failure mode generally observed for the
isolated joints is the interfacial failure. These results have shown the real thermal efficiency of the TRC
composite and of the thermal insulation material. They have also indicated that the TRC composite is a
performance material in terms of mechanical and thermal resistance.
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